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Abstract. Besides immediate effects, early nutritional conditions also have an impact on the entire life history of individu- 
als. We tracked a cohort of captive fire salamanders that experienced only during their early larval phase, either rich or 
poor nutritional conditions, and thereafter intermediate standard conditions for almost 10 years. We measured on a regu- 
lar basis, their morphometric variables, noted behavioural and colouration developments, and monitored their survival. 
While deficits in body mass and colouration from initially poorly raised individuals vanished in adults, differences in size 
in comparison to initially richly raised larvae remained throughout life. Behaviour at adulthood did not differ any further 
from that during early conditions, nevertheless it tended to be consistent in certain exploratory traits over several years. 
After almost ten years, the overall survival rate was about 50%, but so far, no effect of early living conditions on subse- 
quent survival became apparent. Taken together, our long-term study on the effects of early nutritional conditions on fire 
salamanders revealed interesting insights into the life trajectory of these animals. Immediate effects from early nutritional 
conditions were found in almost all aspects of behaviour and physiology. The majority of effects are compensated within 
the lifetimes of individuals, apparently without detectable costs. 


Key words. Amphibia, Caudata, Salamandridae, early nutritional conditions, early developmental stress, survival, life his- 
tory, predictive adaptive response, silver spoon effect, early programming, compensatory growth, repeatability, exploration. 


Introduction 


Fire salamanders (Salamandra salamandra) possess, as 
most amphibians, a biphasic life cycle (GREVEN 1998, 
THIESMEIER 2004, CASPERS et al. 2014) with an early 
aquatic larval phase and a distinct subsequent terrestrial 
adult phase. Salamander larvae are deposited into water 
bodies where they typically metamorphose within a cou- 
ple of months (ALCONBENDAS et al. 2004, KRAUSE et al. 
2011, WEITERE et al. 2004) and become terrestrial for the 
rest of their life, which last on average 7-8 years in the wild 
(THIESMEIER 2004) and up to a maximum of 20 years. As 
for other vertebrates (e.g., LINDSTRÖM 1999, MONAGHAN 
2008), the early development has a key impact on the later 
developmental trajectory and life history in fire salaman- 
ders. Fire salamander larvae may be deposited and can de- 
velop in different aquatic habitats, which will affect their 
behavioural development. The developmental trajectories, 
are for example different for larvae found in caves (Ma- 
NENTI et al. 2013a) or ponds (WEITERE et al. 2004) in com- 


parison to larvae found in streams. Small-scale ecological 
differences are apparent between these different aquat- 
ic larval habitats (MANENTI et al. 2011, REINHARDT et al. 
2013). Despite the different habitats, salamander females 
can choose their spots of larval deposition, and social in- 
teractions in these habitats can affect subsequent larval de- 
velopment. Interactions with conspecifics depend on larval 
density and affect development or even survival (REQUES 
& TEJEDO 1996, E1ram et al. 2005, MELOTTO et al. 2019). 
Furthermore, interactions with heterospecifics can occur, 
which may be either competitors in the respective habitats’ 
food web, prey or predators (MANENTI et al. 2013b, REIN- 
HARDT et al. 2013, REINHARDT et al. 2017). Some of these 
biotic factors indirectly affect food availability. However, 
food availability is also affected by other biotic and abiotic 
factors. Food availability has a major effect on the early de- 
velopment on fire salamander larvae (KRAUSE et al. 2011), 
as they crucially rely on sufficient energy to grow, develop 
and survive (LINDSTROM 1999, MONAGHAN 2008, HECTOR 
et al. 2012). Availability of nutrients is a key resource for the 
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development of individuals, and their shortage thus often 
leads to a reduction of growth rates and may even impact 
phenotypic expression, such as behavioural patterns (e.g., 
LINDSTROM 1999, MONAGHAN 2008, KRAUSE et al. 2011, 
HECTOR et al. 2012). 

Obtaining a sufficient amount of nutrition is often asso- 
ciated with certain predation risks and individuals in poor 
condition are assumed to take higher risks in particular 
(Moran et al. 2021). In case of the fire salamander, pre- 
dation risk is most pronounced during the aquatic phase 
(THIESMEIER 2004). Thus, if fast early development is pos- 
sible it can help the individuals to metamorphose earlier 
and escape the potential risky aquatic environment. Rich 
nutritional conditions during the larval phase result in fast- 
er growth and, as a consequence, in earlier metamorpho- 
sis (WILBUR & COLLINS 1973, DENOEL & PONCIN 2001, EI- 
TAM et al. 2005, WARBURG 2009, KRAUSE et al. 2011). In line 
with this, larval risk-taking behaviour can be driven by nu- 
tritional availability (KRAUSE et al. 2011) and habitat (Os- 
WALD et al. 2020), but these effects seem to disappear later 
in their terrestrial life (KRAUSE & CASPERS 2016). The yel- 
low coloration, which only appears during metamorphosis, 
seems to be an effective warning signal and it is also influ- 
enced by food availability during the larval stage (CASPERS 
et al. 2020). Whether lifelong differences in yellow colora- 
tion is a result of food availability during the early life stag- 
es remain throughout life has remained unknown until 
yet. Once metamorphosed, the risk of predation is highest 
shortly after metamorphosis (CASPERS et al. 2020, THIES- 
MEIER 2004), whereas adults have only few predators. Thus, 
the benefits of an aposematic coloration might be highest 
shortly after metamorphosis (CAsPERS et al. 2020). 

Several scenarios have been suggested for vertebrates 
to cope with nutritional shortages early in life. Individu- 
als may flexibly adjust to such conditions via early adaptive 
programming (VAN BUSKIRK & RELYEA 1998, MONAGHAN 
2008, BATESON et al. 2014), which may be beneficial if the 
adult environment can be expected to be similar to that 
inhabited early in life. In this scenario, the early environ- 
ment may work as a predictor for the adult environment. 
However, in biphasically developing animals, such as am- 
phibians, which includes a major habitat shift, this strategy 
seems to be less adaptive and therefore less likely. In this 
case, two other developmental scenarios might be more 
likely. It might be that individuals that experience good ini- 
tial nutritional conditions remain in better subsequent con- 
dition than those that grew up under early poor nutrition- 
al conditions regardless of the adult environmental condi- 
tions (e.g., LINDSTROM 1999, MONAGHAN 2008, KRAUSE et 
al. 2017). This is called the “silver spoon” effect (GRAFEN 
1988). Alternatively, it is possible that poor initial nutrition- 
al conditions affect the subsequent development negative- 
ly, but as soon as the conditions improve later in life, defi- 
cits can be compensated by so-called compensatory growth 
(METCALFE & MONAGHAN 2001). However, compensatory 
growth in one trait often causes costs to other traits (FISHER 
et al. 2006, KRAUSE & NAGUIB 2011,2015, SADEH et al. 2011, 
HECTOR et al. 2012). Disentangling which developmental 
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effects, i.e., silver spoon, compensatory growth, or mixed 
effects from both, appear in fire salamanders requires long- 
term studies. Therefore, we conducted a survey over almost 
10 years with fire salamander larvae experiencing either 
poor or rich nutritional conditions during the first three 
months of life (KRAUSE et al. 2011). Afterwards all larvae 
received an intermediate diet (KRAUSE & CASPERS 2016). 
Based on earlier findings in these individuals raised un- 
der two different early nutritional conditions (KRAUSE et 
al. 2011, KRAUSE & CASPERS 2016), we expected to obtain 
mixed findings between compensatory growth and the sil- 
ver spoon effect. We expected to find that certain, relatively 
flexible morphometric traits, such as body mass, to have ex- 
perienced compensatory growth. The yellow coloration of 
these salamanders shortly after metamorphosis is affected 
by early nutrition (Caspers et al. 2020), but we expected 
this effect to be compensated over time. In the case of the 
silver spoon effect, we expected longevity to be affected by 
early nutritional conditions, with individuals raised under 
rich nutritional conditions living longer than those raised 
under poor nutritional conditions. Other morphometric 
traits like size were expected to remain more inflexible in 
life and thus to be subject to the silver spoon effects. 


Methods 


The fire salamanders that we examined in the present study 
were born in the laboratory and raised under two differ- 
ent initial nutritional conditions that covered only the first 
three months of their lives, i.e., the aquatic larval phase (de- 
scribed in detail in KRAUSE et al. 2011, KRAUSE & CASPERS 
2016). After three months, when all animals had metamor- 
phosed, all individuals from both early nutritional con- 
ditions received the same standard diet for the rest of the 
study period (see KRAUSE & CASPERS 2016). During the lar- 
val phase, twelve pairs of siblings (n=24 individuals) from 
twelve mothers were subjected to either poor conditions or 
rich early nutritional conditions. The early poor and ear- 
ly rich diets differed in the amounts of food provided (de- 
tails see KRaUusE et al. 2011). Briefly, the poorly fed larvae 
received food twice a week, while richly fed larvae received 
it six times per week. The amount of food (Chironimus lar- 
vae) given to each larva was the same at each feeding. In- 
itially, three live, similarly sized Chironimus larvae were 
provided at each feeding session. This number increased by 
one every other week. From the time the animals became 
terrestrial they were fed on an intermediate standard diet of 
house crickets (Acheta domestica) (see KRAUSE & CASPERS 
2016). All individuals received the same number of same- 
sized crickets, i.e., six house crickets per week per individu- 
al. The size of the crickets increased with age, starting with 
micro-size. We did not measure the effective food intake 
of the provided food. Housing of the salamanders until the 
age of 2.5 years has been specified in KRAUSE & CASPERS 
(2016); from then on, the sibling pairs were each kept to- 
gether in a large terrarium of 150 x 50 cm, with two aquatic 
sections along the two long sides (150 x 6 cm). 


Life-long consequences of early larval nutrition on Salamandra salamandra 


We tracked their life history and thus their development 
until an age of almost 10 years. Some data from the first 
years of life have already been published elsewhere, with 
data on early larval behavioural and morphological devel- 
opments having been presented in Krause et al. (2011). 
These differences remained notable until about an age of 
two years, a point in time when certain growth and behav- 
ioural shortfalls became compensated (KRAUSE & CASPERS 
2016). Within the first 100 days after metamorphosis, the 
number and expanse of yellow markings were greater in 
individuals raised under rich initial conditions (CASPERS 
et al. 2020). 

We here report the systematically tracked life trajecto- 
ries until adulthood of the animals and further to the age 
of almost 10 years, i.e., until the time-point where the co- 
hort’s mortality reached 50%. We report here the i) biomet- 
ric measurements (body mass, total length as snout-tail tip 
length, and residual condition index as estimated by the 
residuals of the regression of log(body mass+1) on log(total 
length+1) (DENOEL et al. 2002, PLaIAsv et al. 2010), as well 
as the ii) development of coloration (i.e., yellow/black ra- 
tio on the body surface) from the age of 6 months to the 
age of 108 months. We collected the data in a standardised 
scheme, i.e., from 6-12 months in 3-month intervals, there- 
after until 5 years in 6-month intervals, thereafter in annual 
intervals. With this sampling regime, we collected data at 
the age of 6, 9, 12, 18, 24, 30, 36, 42, 48, 54, 60, 72, 84, 96, 
and 108 months. Furthermore, iii) we conducted a behav- 
ioural exploration test at the age of 5 years, and iv) tracked 
survival. 

The sexes of the individuals were not taken into ac- 
count in our study and analysis for several reasons. First, 
it was not possible to sex subadults, i.e., in their first 3-6 
years. Thus, for all individuals that died during this time 
or before, no information about their sexual identity was 
available, and a genetic sexing method had not been avail- 
able at the time. For the other individuals, sex was subjec- 
tively assessed by inspecting the cloacal swelling, but this 
method, in contrast to all other parameters in our study, 
could be quite imprecise, especially as we were not aware 
whether the early nutritional treatment affected or de- 
layed sexual maturation. Sexing on the basis of morpho- 
metric measurements is not reliable either, as size differ- 
ences between the sexes, if apparent, are within the vari- 
ation of the opposite sex (THIESMEIER 2004). Substantial 
mass differences appear only in gravid females. Neverthe- 
less, we expected the sexes of our individuals to be almost 
equally distributed, as larvae were initially selected and 
allocated to the two nutritional treatment groups at ran- 
dom. 


Biometric measurements and coloration analysis 


Body mass was taken to the nearest of 0.001 g (Sartorius 
BL150S) and total length was measured on laminated graph 
paper to the nearest 0.5 mm. We calculated a condition in- 
dex from body mass and total length (body mass [g]/total 


length [mm]). At each measuring session, digital pictures 
were taken from each individual from about an orthogonal 
position above using a Canon PowerShot Ss IS (at Months 
6, 9, 12); a Kodak Easy Share C533 (at 12 months), and 
thereafter a Panasonic DMC-FZso0. The background and 
the limbs were removed from these pictures with Adobe 
Photoshop CS5 as recommended by SANCHEZ et al. (2018), 
as fire salamanders tend to hold their limbs in different po- 
sitions. The resulting pictures were analysed for the rela- 
tive proportion of black and yellow colouration using Py- 
thon 2.7 and a respective script published by SANCHEZ et 
al. (2018) freely available at https://github.com/eu-sanisa/ 
Measure_salamander_colors.py. 


Behavioural tests 


When our salamanders had reached an age of five years (60 
months), we conducted an open-arena test as described in 
KRAUSE & CASPERS (2016) with all individuals still alive, 
17 in total. The arena consisted of 8 x 6 squares (each 10 x 
10 cm) and each individual was introduced individually in 
the centre. Within 20 minutes we measured the latency un- 
til the individual moved to another square for the first time, 
the number of squares visited, and the number of switches 
between squares. The data were analysed for possible early- 
treatment effects and compared with the data taken at an 
age of 27 months from KRAUSE & CASPERS (2016) to test for 
potential long-term correlations. 


Survival 


We recorded for how long each individual survived. For 
dead animals, we calculated their lifespans to the exact day, 
and for the surviving animals, we made a cut-off date as 
per the 1* of October 2019, on which day the oldest of the 12 
surviving fire salamanders had reached an age of 3471 days. 
The exact causes of death could not be identified. 


Statistical methods 


Biometric measurements, i.e., total length, body mass, and 
residual body condition index were analysed using line- 
ar mixed models (LME) with early nutritional treatment 
(2-level factor: rich and poor), age in months, and their re- 
spective interaction as factors. As random factors, we con- 
sidered individual ID nested within MotherID. We used 
the approach of analysing the entire lifetime for each trait 
in a single model instead of using age-class specific effects 
as previous papers have considered already important de- 
velopmental stages up to the age of two years (KRAUSE 
et al. 2011, KRAUSE & CASPERS 2016). Here we were ex- 
plicitly interested in the respective lifetime effects. Rela- 
tive proportions of black/yellow were analysed in a LME 
as described above only that the residual body condition 
index and the resulting two-way interaction were addi- 
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tionally taken into account. All models were checked for 
normal distribution of residuals. Behavioural parameters 
(i.e, number of visited squares and number of switches 
between squares) in the open arena were log- (log(x+1)) 
transformed to obtain normally distributed residuals, and 
each was analysed in a LME with early nutritional treat- 
ment as the factor and mother ID as the random factor. 
To estimate the across-time consistency of the behavioural 
traits, they were correlated to the behaviour recorded in 
the same test almost three years earlier (at age 27 months as 
reported by KRAUSE & CASPERS 2016), using the log (x+1) 
values of Pearson correlations. The LMEs and correlations 
were calculated in R 3.3.1 (R CorE TEAM2016) using nlme 
(PINHEIRO et al. 2017), and p- and F-values were produced 
by the respective package in Wald test. Survival was an- 
alysed using a Gehan-Wilcox Test, and the Kaplan-Mei- 
er procedure in Dell Statistica 13 was applied for plotting 
(Dell Inc. 2015). 

The raw data for developmental, behavioural, survival 
and coloration data are deposited online (KRAusE et al. 
2021a; Tables S1-3) as are the modified photos used for our 
colour analysis (KRAUSE et al. 2021b). 


Results 
Total length, body mass, 
residual body condition index 


The total length throughout the lifetime, from six to 108 
months of age, was significantly affected by the nutritional 
treatment the individuals had experienced during the first 
three months of their lives as well as by age, whereas the 
interaction between age and initial nutritional treatment 
had no effect (Table 1a, Fig. 1a). Body mass was affected by 
age, while the early nutritional treatment had no effect (Ta- 
ble 1b, Fig. 1b). The residual body condition index was af- 
fected by the initial nutritional conditions and tended also 
to be influenced by age (Table ıc, Fig. 1c). 


Relative yellow coloration 


The relative proportion of yellow to black on the body sur- 
face throughout life time was affected by age and the re- 
sidual body condition index whereas the initial nutrition- 
al treatment had no effect. The proportion of yellow rela- 
tive to black decreased within the first postmetamorphic 
year of life and thereafter increased slightly until the age 
of three years from when it remained relatively stable. The 
body condition index is positively linked to the propor- 
tional content of yellow (Table 1d, Fig. 2). 


Behaviour at 5 years and 
consistency over the last 3 years 


The number of visited squares in the open arena at the age 
of five years (60 months) was not significantly different 
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Table 1. Detailed statistical results of the linear mixed-effect mod- 
els (LME) for a) total length, b) body mass, c) residual body con- 
dition index, and d) relative yellow content in the colour pattern 
of fire salamanders, Salamandra salamandra. 


Measurements and factors F-value df p-value 
a) Total length 
nutritional treatment 12.43 1,8 0.0078 
age 323.84 1,254 <0.0001 
nutritional treatment x age 0.29 1,254 0.59 
b) Body mass 
nutritional treatment 2.22 1,8 0.17 
age 227.28 1,254 <0.0001 
nutritional treatment x age 0.25 1,254 0.62 
c) Residual body condition index 
nutritional treatment 12.67 1,8 0.007 
age 3.77 1,254 0.053 
nutritional treatment x age 0.29 1,254 0.59 
d) Relative Body Surface Yellow Colouration 
nutritional treatment 2.30 1,8 0.17 
age 54.80 1,251 <0.0001 
residual body condition index 48.37 1,251 <0.0001 
nutritional treatment x age 0.33 1,251 0.57 
nutritional treatment x residual 0.93 1,251 0.34 
body condition index 
age x residual body condition 2.72 1,251 0.10 


index 


between individuals that had been raised as larvae under 
rich or poor nutritional conditions (LME : early nutrition- 
al treatment F, = 0.38, p = 0.56). The same was the case 
for the number of switches between squares at the age of 
five years in that they did not significantly differ between 
initially richly and poorly fed fire salamanders, respective- 
ly (LME: early nutritional treatment. F _ = 1.48, p = 0.28). 
Activity, as indicated by the number of switches between 
squares, was not significantly correlated between the two 
points of time, i.e., at 60 months vs. the age of 27 months, 
(Pearson correlation r = 0.40, t, =167p= 0.11). However, 
the number of visited squares tended to be positively corre- 
lated across the three-year period (Pearson correlation r, = 
0.43, t, = 1.87, p = 0.08; Fig. 3) 


Survival 


Half of the study cohort had perished after about nine and 
a half years. However, the early nutritional conditions had 
no significant influence on the survival of individuals (Ge- 
hans Wilcoxon Test, WW = -6.00, test statistic = -0.17, p = 
0.87; Fig. 4) 


Life-long consequences of early larval nutrition on Salamandra salamandra 
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Figure 1. Long-term representation of a) total length, b) body 
mass, and c) residual body condition index of fire salamanders, 
Salamandra salamandra from initially poor nutritional condi- 
tions (open circles) and from initially rich nutritional conditions 
(filled circles). Shown are means with SE. 


Discussion 


We studied the life trajectory of the fire salamander, a long- 
lived vertebrate, over a period of almost 10 years in cap- 
tivity. Our previous studies had highlighted that the first 
months of life, i.e. the period of aquatic development, is 
crucially affected by the nutritional conditions, and, even 
more interesting, we here show that these early conditions 
have lifelong consequences. Certain phenotypic traits are 
affected throughout subsequent life, such as total length 
and the residual body condition of the salamanders. In 
contrast, other initial deficits such as body mass, yellow 
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Figure 2. Relative proportion of yellow in the colour pattern over 
the study period. Mean values (+ SE) of fire salamanders, Sala- 
mandra salamandra, from initially poor nutritional conditions 
(open circles) and from initially rich nutritional conditions (filled 
circles) are shown. 
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Figure 3. Correlation between the number of visited squares at 
the age of 27 and 60 months of age of fire salamanders, Salaman- 
dra salamandra. Two data point overlap. 
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content in the colour pattern, or explorative behaviour can 
be compensated during subsequent development. Howev- 
er, neither lasting impacts from early conditions nor the 
potential costs for trait-specific compensation led to an ac- 
celerated mortality in the individuals that initially experi- 
enced poor nutritional conditions during our study period. 

Different early-life conditions led to differences in the 
body mass of the salamanders, with animals raised in rich 
nutritional conditions being heavier (DENOEL & PONCIN 
2001, WARBURG 2009, KRAUSE et al. 2011, KRAUSE & 
CASPERS 2016). However, these differences were compen- 
sated later in life and had already disappeared when reach- 
ing an age of about one and a half years, presumably as a 
result of compensatory growth (KRAUSE & CASPERS 2016). 
This compensation seems to have continued over the en- 
tire study period. Similar compensatory growth processes 
are known to occur also in other vertebrates (METCALFE 
& MONAGHAN 2001, KRAUSE & NAGUIB 2011, HECTOR & 
NAKAGAWA 2012) including amphibians (e.g., SADEH et 
al. 2011, HECTOR et al. 2012). Usually, compensation tra- 
jectories come at certain costs (METCALFE & MONAGHAN 
2001, FISHER et al. 2006, KRAUSE & NAGUIB 2011), but in 
our fire salamanders, in contrast to our initial expecta- 
tions, we could not so far detect any cost, at least not in 
the measured traits. Compensation also seems to be trait- 
specific: body mass might be compensated relatively easy, 
as it is a relatively flexible trait throughout life, whereas no 
compensation might be possible for less flexible traits such 
as, for example, measurements that rely more on the fixed 
structure of the animals. Here it seems that the silver spoon 
effect kicks in. By the age of about three years, individu- 
als will have completed most of their size development. At 
this point of time, fire salamanders from initially poor nu- 
tritional conditions were still of a smaller size than those 
from initially rich nutritional conditions. That these ear- 
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Figure 4. Survival data of fire salamanders, Salamandra salaman- 
dra, from the two different initial nutritional conditions. Solid 
lines and corresponding circles indicate individuals from initially 
rich conditions, while dashed lines indicate initially poor ones. 
Each circle indicates the point of time of a completed life history, 
i.e., when a salamander died. 
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ly conditions affect skeleton-related parameters through- 
out life is also known from other vertebrate species (e.g., 
KRAUSE et al. 2017). Important to notice here is that the 
perceived increase in size (Fig. 1a) of individuals from ini- 
tially poor nutritional conditions at the age of 96 and 108 
months is most likely a result of mortality, i.e., the small 
individuals have died and have left only the larger ones in 
the sample. 

Fire salamanders are known to be relatively long-lived 
with a reported average lifespan in the wild of 7-8 years, up 
to a maximum of 20 years (THIESMEIER 2004). Thus, the 
time frame of our study covers the most important life tra- 
jectories and life history. After about 9.5 years, half of our 
initial cohort was still alive. In contrast to findings from 
long-term studies of other vertebrate species (e.g., LEMON 
1991, BIRKHEAD et al. 1999, RICKLEFS & WIKELSKI 2002, 
KRAUSE et al. 2017), we unexpectedly found that early nu- 
tritional conditions had no effects on longevity. We initial- 
ly expected that individuals from initially poor nutritional 
conditions die younger, due to direct effects of early condi- 
tions and indirectly due to the additional costs of compen- 
sation (BIRKHEAD et al. 1999, METCALFE & MONAGHAN 
2001). In other amphibian species it has been shown that 
size at metamorphosis is positively linked to survival and 
that compensatory growth might be costly (SZEKELY et al. 
2020). However, at least within the first ten years of life, we 
could not detect such an effect. Maybe these effects appear 
even later in life, are not present in salamanders at all, or do 
not surface in our captive setting where they the salaman- 
ders may be buffered against such an effect due to their rel- 
atively slow development (KRAUSE & CASPERS 2016). Nev- 
ertheless, it would be interesting in the future to study such 
direct and indirect effects of plastic developmental growth 
trajectories under natural conditions. 

We also tracked the relative yellow content in the dor- 
sal colour pattern of individual salamanders for up to al- 
most 10 years. As yet, little is known about the ontogeny 
of colour markings in the fire salamander (e.g., THIESMEI- 
ER 2004), only that there might be sex-dependent differ- 
ences at adulthood (BALOGOVA & UHRIN 2015, PREISSLER 
et al. 2019). Yellow pigment may be costly to produce, as 
fire salamander larvae raised under poor nutritional con- 
ditions end up with a lower amount of yellow shortly after 
metamorphosis (CASPERS et al. 2020). This difference was 
present for up to 100 days after metamorphosis (CASPERS 
et al. 2020). At this age, young terrestrial fire salamanders 
are still commonly a target of predation and it seems that 
the yellow markings act as a warning signal to potential 
predators (CASPERS et al. 2020). The effects of the early 
nutritional conditions on the yellow content in the colour 
pattern will already have vanished at an age of six months, 
i.e., at the first point of auditing in in the present study. 
Interestingly, the proportion of yellow vs. black decreased 
further with increasing age and varied slightly until reach- 
ing a relatively stable level at about three years of age; this 
was the same point of time when size and mass reached 
stable values. As the risk of predation decreases with be- 
coming larger, the overall benefit from additional larger 
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proportions of yellow might not be adaptive with respect 
to the predation risk, and permit individuals in initially 
poorer condition can catch up. Outgrowing the capabili- 
ties of predators by becoming larger is probably a more ef- 
ficient strategy against predation than conspicuous colora- 
tion in young terrestrial fire salamanders. The proportion 
of yellow in the colour pattern does not seem to be directly 
linked to the level of toxicity (PREISSLER et al. 2019), but 
rather to body condition. However, whether the onset or 
extent of toxicity is linked to early life conditions is subject 
to future studies. 

The behavioural differences in risk-taking and explora- 
tion behaviour that were caused by the early nutritional 
conditions in larvae (KRrausE et al. 2011) have disappeared 
at an age of about two years (KRAUSE & CASPERS 2016), 
and our present results support that this behavioural ad- 
justment remains similar at the age of five years of life. 
Such flexible behavioural adjustments in risk-taking in 
response to environmental conditions have been report- 
ed also from other fire salamander populations (MANEN- 
TI et al. 2013). While we found no correlation in activity 
(number of switches between squares) between the behav- 
iour at two and five years of age, we found a tendency for a 
positive link between the exploration behaviour (number 
of visited squares) over the three-year period. Such a long- 
term correlation is remarkable and may indicate a sta- 
ble behavioural phenotype of the individuals (WUERZ & 
KRUGER 2015). 

Taken together, we found two different effects acting si- 
multaneously in response to early nutritional conditions 
in fire salamanders. Compensation appears to be flexi- 
ble, affecting traits such as body mass and colour pattern, 
while other traits, like size, appear to be more fixed and 
are affected by the silver spoon effects throughout life. Be- 
havioural traits appear to maintain a certain level of con- 
sistency over the years. Interestingly, survival appears un- 
affected by early nutritional conditions even after almost 
ten years. 
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